Commonly used oxidative stress markers include the GSH profile, protein carbonyls, thiobarbituric acid reactive substances (TBARS) and ferric reducing/antioxidant power (FRAP) . GSH is present in all mammalian tissues and is the most abundant non-protein thiol (Lu, 2013) . GSH exists in the reduced (rGSH) and disulfide-oxidized (GSSG) forms, with rGSH being the predominant form that accounts for >98% of total GSH (TGSH) under non-stressful conditions. GSH plays a fundamental role in protecting the organisms against oxidative stress. The antioxidant function of GSH is accomplished largely by GSH peroxidase-catalyzed reactions, which reduce hydrogen peroxide and lipid peroxide as rGSH is oxidized to GSSG (Lu, 2009 ).
GSSG in turn is reduced back to rGSH by GSSG reductase, forming a redox cycle (Lu, 2009) . Thus the rGSH to GSSG ratio largely determines the intracellular redox potential. Under severe oxidative stress, GSSG can be actively exported out of the cell or react with a protein sulfhydryl group, which depletes cellular GSH (Lu, 2013) . Cellular GSH content is influenced by dietary sulfur amino acids (Chen, Chen, Zhang, & Zhou, 2013) . Dietary Met supplementation was associated with enhanced GSH synthesis in rats (Slyshenkov, Shevalye, Liopo, & Wojtczak, 2002) , humans (Grimble, 2006) and broilers (Nemeth et al., 2004) .
Protein carbonyl content is the most commonly used marker of protein oxidation. Carbonyl groups (aldehydes and ketones) are produced from oxidation of amino acid side chains, especially proline, arginine, lysine and threonine (Dalle-Donne, Rossi, Giustarini, Milzani, & Colombo, 2003) .
Measurement of TBARS is the most widely employed assay
to determine lipid peroxidation. This assay can detect any TBARS including malondialdehyde (MDA), a naturally occurring product of lipid peroxidation (Dawn-Linsley, Ekinci, Ortiz, Rogers, & Shea, 2005) . Organisms have developed complex antioxidant systems to protect cells from oxidative stress, including specific enzymes (e.g., glutathione peroxidase and reductase) as well as non-enzymatic compounds (e.g., glutathione, vitamin C and tocopherol). Finally, FRAP is a marker that reflects the antioxidant capacity of an organism (Benzie & Strain, 1996) .
The objective of this study was to determine the effect of sulfur amino acid (SAA) deficiency and supplementation with different dietary Met sources (L-Met, DL-Met, and DL-HMTBA) to meet the SAA requirement of broilers, on oxidative stress markers such as the GSH profile, protein carbonyl content, TBARS and FRAP, in different tissues of male broiler chickens.
| MATERIAL S AND ME THODS

| Animals, diets and tissue collection
Cobb 500 broiler chickens were obtained locally on day of hatch, sexed by PCR and then only males were randomly distributed into pens (six pens per treatment, ~10 chicks per pen). Chicks were provided with ad libitum access to water and one of four experimental diets: Control (C): control diet + 0.31% DL-HMTBA (to provide 0.22% DL-Met equivalent). Details of the management of the chicks have been reported in Zhang, Saremi, Gilbert, and Wong (2017) and are briefly summarized here. The basal diet was formulated to meet the broilers' requirements (Aminochick ® 2.0; Evonik Nutrition & Care GmbH, Germany) except for Met + Cys. Three Met sources (DL-Met; Evonik, L-Met; EvonikRexim, DL-HMTBA; Novus) were supplemented to the basal diet in order to meet or to slightly exceed the Met + Cys requirements for broilers (Table 1) . Growth performance data including individual body weight, feed intake, feed conversion efficiency, and relative organ and breast muscle weight at the end of each diet phase (d10, 21, 26) were reported previously (Zhang et al., 2017) . At d10 and d26, five birds per treatment were euthanized by cervical dislocation and liver, breast muscle and intestine were collected. The intestine was separated into duodenum, jejunum, and ileum. Digesta were gently squeezed out of the intestine and segments were rinsed three times in phosphatebuffered saline (NaH 2 PO 4 1.47 mM, Na 2 HPO 4 8.09 mM, NaCl 145 mM). Samples were snap-frozen in liquid nitrogen and stored at −80°C. All animal protocols were approved by the Institutional Animal
Care and Use Committee at Virginia Tech.
| Assays for oxidative stress markers
Markers of oxidative stress including TGSH, GSSG, rGSH, protein carbonyls, TBARS and FRAP were assayed in the liver, breast muscle and three small intestinal segments (duodenum, jejunum, and ileum) from five birds per treatment on d10 and d26 using commercially available ELISA kits and an Infinite M200 Pro multi-mode plate reader (Tecan, Morrisville, NC).
Total glutathione, GSSG and rGSH were measured using an enzymatic recycling method provided by the Glutathione Assay Kit (Cayman Chemical Company, Ann Arbor, MI), following the manufacturer's protocol. Briefly, 0.2 g samples were first deproteinized using metaphosphoric acid and triethanolamine, and then the GSH in the sample was allowed to react with 5,5′-dithio-bis-2-(nitrobenzoic acid [DTNB], Ellman's reagent) to produce the yellow colored 5-thio-2-nitrobenzoic acid (TNB). The mixed disulfide, GSTNB (between GSH and TNB) was reduced by glutathione reductase to recycle the GSH and produce more TNB. The amount of TNB production was quantified by measuring absorbance at 410 nm. Quantification of GSSG, exclusive of GSH, was accomplished by first derivatizing GSH with 2-vinylpyridine, then following the protocol for enzymatic activity described above. rGSH levels were calculated by subtracting twice the GSSG concentration from the TGSH concentration. To estimate the redox status, the rGSH to TGSH ratio and rGSH to GSSG ratio were calculated.
Protein carbonyl groups were measured using the Protein Carbonyl Colorimetric Assay Kit (Cayman Chemical Company), following the manufacturer's protocol. Briefly, 0.2 g samples were used
and nucleic acids were first removed using streptomycin sulfate.
Then 2,4-dinitrophenylhydrazine (DNPH) was added to react with protein carbonyls, forming a Schiff base to produce hydrazine, which was quantified by measuring absorbance at 367 nm. ). The iron colorimetric probe complex changes color upon reduction, which was quantified by measuring absorbance at 560 nm.
| Statistical analysis
Data were analyzed for the effect of treatment within each tissue (liver, breast muscle, duodenum, jejunum and ileum) by ANOVA using JMP Pro version 12.0 (SAS Institute, Cary, NC). The statistical model was:
where μ is the grand mean, T i is the main effect of treatment, A j is the main effect of age, TA ij is the interaction effect between treatment and age, and ε ijk is the random error effect. All data were checked for normality and homogeneity of variances. No data were transformed prior to analysis. When significant differences were found, a 5% of variance average was used, with a Tukey's multiple range test for comparison among groups. Data are presented as least square means ± SEM and statistical significance assigned at p < 0.05.
| RE SULTS
There were significant treatment main effects for TGSH and rGSH in breast muscle (Table 2) . L-Met-and DL-HMTBA-fed chickens had greater TGSH and rGSH levels than control diet-fed chickens, and L-Met-fed chickens had greater TGSH and rGSH than the DL-Metfed chickens (Table 2 , p < 0.05). There were significant treatment by age interactions for TGSH in the jejunum and ileum, GSSG in the jejunum, and rGSH in the ileum, which are shown in Figure 1 . At d26 in the jejunum, the L-Met group had greater TGSH and GSSG than the control and the DL-Met groups ( Figure 1A and C, p = 0.01 and p < 0.001, respectively). In addition, at d26 in the ileum, the L-Met group had greater TGSH and rGSH than the DL-Met group ( Figure 1B and D, p = 0.01 and p = 0.02, respectively). There were no effects of treatment on the ratio of rGSH to GSSG or the ratio of rGSH to TGSH in different tissues ( Table 2 ). The amounts of TGSH and GSSG in the duodenum and the rGSH/GSSG ratio in the ileum and liver all decreased (p < 0.05) between d10 and d26 (Table 2) .
Protein carbonyl content varied among treatments in the jejunum and breast muscle. In the jejunum, there were more protein carbonyls in the DL-Met than DL-HMTBA group (Table 3 , p = 0.05). There was a treatment by age interaction on protein carbonyls in breast muscle. At d26, the L-Met group had more protein carbonyls than the control and DL-HMTBA groups, and the DL-Met group had greater amounts of protein carbonyls than the DL-HMTBA group (Figure 2 , p = 0.01). Protein carbonyl content in the jejunum, ileum and liver, TBARS in the ileum and FRAP in all three small intestinal segments increased between d10 and d26, while TBARS in the duodenum and jejunum and FRAP in the liver decreased between d10 and d26 (Table 3 ). There were no effects of treatment on TBARS and FRAP (Table 3) . TA B L E 1 (Continued)
| D ISCUSS I ON
TA B L E 2 Glutathione (GSH) profile in the liver, breast muscle and small intestine of broilers fed different diets for 26 days (Zhang et al., 2017) .
The GSH profile was measured in liver, breast muscle and the three segments of the small intestine. The duodenum showed the most unbalanced thiol redox status, having the lowest rGSH/TGSH ratio compared to the other tissues. In contrast, breast muscle had the greatest rGSH/TGSH ratio. Sen and Packer (2000) reviewed how skeletal muscles play a central role in whole-body GSH homeostasis and have high activities of GSH-dependent antioxidant enzymes such as GSH peroxidase and GSSG reductase. This may explain why breast muscle had the most balanced thiol redox status.
Compared to the control group, chickens fed the L-Met-and DL-HMTBA-supplemented diets had greater amounts of TGSH and rGSH in their breast muscle. At d26, the L-Met group had more TGSH and rGSH than the DL-Met group in the ileum. This is not unexpected as Met serves as an important precursor for GSH.
Nevertheless, GSH acts not only as a cellular antioxidant but also as storage for extra cysteine within the cell (Lu, 2013) . DL-HMTBA produces hydrogen peroxide during transformation to L-Met . Hydrogen peroxide is known as a trigger of GSH production. Shen, Ferket, Park, Malheiros, and Kim (2015) reported that there was increased GSH in the duodenal mucosa of chicks fed a diet supplemented with 0.285% L-Met compared to chicks that were fed a diet with 0.285% DL-Met, which demon- and Cys are efficient ROS scavengers under physiological conditions (Levine, Mosoni, Berlett, & Stadtman, 1996; Luo & Levine, 2009; Shen et al., 2015) . The Met and Cys residues in proteins can react readily with ROS for example to form methionine sulfoxide, which can be reduced by methionine sulfoxide reductases to Met (Kryukov, Kumar, Koc, Sun, & Gladyshev, 2002; Luo & Levine, 2009; Moskovitz, Berlett, Poston, & Stadtman, 1997; Moskovitz et al., 2001 ). L-Met-fed chickens had greater jejunal quantities of GSSG than DL-Met-fed chickens at d26, which differs from the trends in the duodenum and ileum. L-Met accumulation in the intestinal cells might have adverse effects on the homeostasis of these cells (Mastrototaro, Sponder, Saremi, & Aschenbach, 2016) .
The ratios of rGSH/GSSG and rGSH/TGSH, which define oxidative status, were not affected by dietary Met sources in different tissues.
Even in the presence of environmental stressors, different dietary supplemental Met sources had few effects on the GSH profile in broilers. Willemsen et al. (2011) tested the effects of dietary supplementation of DL-Met and DL-HMTBA on the redox status of broilers exposed to a constant high temperature (32°C) from 2 to 6 weeks of age. They observed that hepatic TBARS, FRAP, TGSH, GSSG and rGSH were not affected by different dietary supplemental Met sources under heat stress, whereas hepatic rGSH/ TGSH and rGSH/GSSG ratios were greater in 6 week-old chickens fed DL-HMTBA than DL-Met, which appears to be an anomaly because the single TGSH, rGSH and GSSG data showed no difference.
Moreover, the difference between the ratios were minor and physiologically irrelevant for the tissue antioxidative capacity although statistically significant . Under oxidative stress conditions, GSH/GSSG falls to 10-fold or less from 100-fold or more under steady state conditions (Chai, Ashraf, Rokutan, Johnston, & Thomas, 1994; Gilbert, 1984 Gilbert, , 1995 Jankowski et al. (2017) measured the effects of DL-Met, L-Met and DL-HMTBA on antioxidant parameters in turkeys and observed no effects of treatment on plasma FRAP levels, similar to our results in intestine, liver and muscle. Moreover, they found that the total glutathione (rGSH + GSSG) in plasma was greater in L-Met and DL-HMTBA groups compared to the DL-Met group, similar to our results that showed greater TGSH in breast muscle in the L-Met group compared to the DL-Met group.
The effects of two dietary concentrations of Met on oxidative status of broiler chickens was also investigated by Chen et al. (2013) .
They found that at d21, broilers fed a diet containing 5.9 g/kg Met had greater hepatic rGSH/GSSG ratios than those fed a diet containing 4.9 g/kg Met. Although we supplemented different amounts of DL-HMTBA, L-Met and DL-Met to the feed, they were adjusted to an equivalent amount of Met in the Met supplemented diets. We also did not observe a difference between a deficient and sufficient Met + Cys diet, which is contrary to Chen et al. (2013) . Thus, in combination with results of our previous report (Zhang et al., 2017) , demonstrating that at d26 chickens fed a Met + Cys deficient diet weighed less (79% of BW) than chickens fed Met + Cys sufficient diets, we conclude that a Met + Cys deficiency caused growth retardation but did not compromise antioxidant status (i.e., rGSH/GSSG ratio) in the small intestine and liver.
Protein oxidation varied among groups in the jejunum and breast muscle although all values were within the normal physiological range (Xie et al., 2015) . Furthermore, TBARS, an indicator of lipid oxidation, and FRAP, reflecting antioxidant capacity, were not different among groups in different tissues, indicating that dietary Met sources did not alter the oxidative status of broilers. This is in agreement with literature showing that DL-HMTBA supplementation does not provide any additional benefit in alleviating oxidative stress induced by heat stress and normal protein levels Willemsen et al., 2011) .
Moreover, corticosterone as the main stress hormone increased by 40% in DL-HMTBA fed birds compared to DL-Met birds at 4 weeks of age .
In summary, based on our data and others, supplemental Met source did not alter oxidative status in the liver, breast muscle and F I G U R E 2 Protein carbonyl content in the breast muscle from chickens fed diets that contained different supplemental methionine (Met) sources, at days 10 (day10) and 26 (day26) posthatch. Male broilers were fed the basal diet deficient in Met + Cys (C), or the basal diet supplemented with 0.22% DL-methionine (DL-Met), 0.22% L-methionine (L-Met) or 0.31% DL-2-hydroxy-4-methylthio butanoic acid (DL-HMTBA) (n = 5). Bioefficacy of L-Met and DL-HMTBA was considered to be 100% and 65% compared to DL-Met, respectively. Figure shows the treatment × age interaction. Values represent least squares means ± SEM. Means were separated using Tukey's test. Bars with different letters represent a significant difference, p < 0.05 small intestine of broilers. However, L-Met and DL-HMTBA supplementation was associated with greater TGSH in breast muscle that was unlikely to be associated with an improvement in the intracellular antioxidant capacity. This is a sign of methionine drift from protein synthesis into GSH without a beneficial effect on the oxidative status of broilers. These results reveal that the source of Met in the diet can lead to different physiological effects, reflecting their distinct metabolic pathways. 
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